A modified solvent casting/particulate leaching (SC/PL) method was developed to fabricate thick three-dimensional poly(lactic acid) (PLA) scaffolds with controlled pore size and porosity, and much shorter processing time. The pasty mixture of PLA/CHCl 3 /NaCl was sealed in a Buchner funnel by a piston with a suction flask connected. A vacuum pump was used to facilitate the volatilization of solvent. The scaffolds were obtained by subsequent removal of NaCl in deionized water. The pore size within the scaffold was in good accordance with the particle size of NaCl (< 210, 210~310, 310~420 and 420~500 μm), all of which had more than 89 % of porosity, 1.95 ± 0.2 MPa of compressive modulus and non-cytotoxic to L929 cells. To demonstrate the applicability of the SC/VV/PL method, thick cylindrical and tubular porous scaffolds have been produced in this study. Compared with the traditional SC/PL without vacuum volatilization, the modified method, namely, solvent casting/vacuum volatilization/particulate leaching (SC/VV/PL) method, provide a more efficient way to fabricate thick scaffolds.
Introduction
Three-dimensional porous polymer scaffolds have been widely used for tissue engineering [1] [2] [3] . Various methods have been used to fabricate scaffolds including solvent casting/particulate leaching (SC/PL) [4] , fibre networking [5, 6] , phase separation [7, 8] , impregnate sintering [9] and solid freeform fabrication [10, 11] . Among all these methods, SC/PL is most commonly used for fabricating micro-and macro-porous polymer scaffolds. In SC/PL method, polymer is first dissolved in an organic solvent with salt particles, which is placed in a mold to form a polymer/salt mixture complex by evaporation. Then, the complex is immersed into water to leach out the salt particles, which generates an open pore structure. The advantage of this method is that the process is easy to carry out and easy to control the pore size and porosity by selecting suitable particle size and amount of the added salt particles. However, the scaffolds prepared by this method usually have a dense surface layer and poor interconnectivity between macropores. Therefore, most of the scaffolds prepared by this method are either limited to two-dimensional films [4] or constructed by lamination of several films into desired shape [12] .
In order to resolve the problem, Liao et al. [13] reported a method for preparing three dimensional polymeric scaffolds with controlled pore size and porosity. Poly(L-lacticcoglycolic acid) (PLGA) polymer particles were dry-mixed with salt particles and then cast into a Teflon mold. The mold was connected to an air-removal pump to provide a pressure difference for passing a liquid through the mold. Organic solvent, nonsolvent and distilled water were passed through the materials in order to partially dissolve the PLGA, precipitate and solidify the merged PLGA matrix, and wash out the salt particles and residual solvent and non-solvent, respectively.
In this study, a modified method, namely the solvent casting/vacuum volatilization/particulate leaching (SC/VV/PL) method, is proposed to fabricate threedimensional poly(lactic acid) (PLA) scaffolds with a desired range of compressive modulus, controlled pore sizes and porosities. A cylindrical scaffold and a tubular porous scaffold have been fabricated, as case examples, to demonstrate the merit of this method. Fig. 1 shows the schematic diagram of the apparatus used for the scaffolds fabrication. A mixture of PLA/CHCl 3 /NaCl was sealed for 20 minutes before applying the vacuum to prevent the solvent from volatilizing at the upper surface. However, the solvent could be volatilized slowly through the filter paper so that a thin layer of polymer membrane was formed to prevent the loss of polymer with the solvent when the vacuum was applied. The rate of volatilization was accelerated and the amount of residual solvent remained in the scaffold was greatly reduced by applying the vacuum. At room temperature, complete volatilization for producing a scaffold with 2 mm thickness usually takes a few hours under atmospheric pressure, under vacuum, the volatilization takes less than 1 hour to finish. The effect of NaCl particle size on the volatilization time is shown in Tab. 1. The results indicate that the speed of chloroform volatilization was significantly influenced by the particle size of NaCl. When the mass of NaCl particles was equal, the smaller the particle size was, the more particles there would be, and also reducing the average volume of the interspaces between the particles. The solvent could be volatilized faster when the particle size of NaCl was smaller. Tubular porous scaffolds are widely used in nerve and blood vessel tissue engineering [14] , which can be fabricated by bending and adhesion of porous membranes [15] , casting and freeze drying [16] , or injection molding [14] . Based on the proposed SC/VV/PL method, cylindrical and tubular porous scaffolds with both thin wall and small diameter were successfully prepared by putting glass tubes with various inner diameters into the Buchner funnel ( Fig. 2) , which acted as a mold to form the size and shape of a scaffold.
Results and discussion

SC/VV/PL Method
Porosities, Compressive moduli and Pore architecture
The porosities and compressive moduli of the PLA scaffolds prepared from various particle sizes of NaCl are shown in Fig. 3 . With the increase of NaCl particle size, the porosity of the PLA scaffolds was slightly increased. All the scaffolds were highly porous with porosity of more than 89%. The compressive moduli of the PLA scaffolds decrease with porosity increasing, which agree with that reported in the literature [17] . The larger pore size leads to more heterogeneous mass distribution of PLA in the scaffold, so that the mechanical property of the scaffold declines. Fig. 4(a-d) show the SEM micrographs of the crosssections of the PLA scaffolds. Uniform distribution of the pores within the scaffold can be observed. The size of the pores throughout the PLA scaffold matches well with that of the NaCl particles used. A well-interconnected porous structure can be observed in Fig. 4(d) . With reference to the results of [13, 14] , it is expected that the porosity and pore size can be adjusted by varying the salt-to-polymer ratio and the particle size, respectively.
Cytotoxicity test
The results of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT lyophilized, Dojindo Molecular Technologies) assay are shown in Tab. 2. MTT assay showed that the relative growth rate (RGR) of PLA scaffolds using NaCl with particle size of < 210 m and 210-310 m was 103.4% and 103.6% after cells interacted for 72 h. Cytotoxicity of these scaffolds was Class 0, indicating no cytotoxicity. RGR of PLA scaffolds using NaCl with particle size of 310-420 m was 95.8%. Cytotoxicity of this scaffold was Class 1, indicating no cytotoxicity as well. Extracts of the PLA scaffolds did not affect the normal proliferation of L-929 fibroblast cells. The results of cytotoxicity test not only confirmed the non-cytotoxicity of the PLA scaffolds but also verified the complete removal of solvent and salt in the scaffolds using the proposed SC/VV/PL method. 
Conclusions
In this study, highly porous three-dimensional poly(lactic acid) scaffolds were fabricated successfully by the proposed SC/VV/PL approach. The advantage of this method resides in its capability of producing thick scaffolds efficiently. The porosity and pore size of the resultant scaffolds can be controlled by the salt-to-polymer ratio and the particle size, respectively.
Experimental part
Development of the SC/VV/PL method
Mikos et al. [4] first reported the solvent casting/particulate leaching method to fabricate highly porous membranes and found that particulate leaching was a very successful pore-forming method. Owing to the significant scaffold shrinkage during the processes of casting and solvent volatilization, the solvent casting/particulate leaching method is generally suitable for preparing thin scaffolds. In order to overcome this limitation and to speed up the volatilization of solvent, a new experimental setup is proposed as shown in Fig. 1 
where η susp and η cont are the viscosities of the suspension system and that of the continuous phase, respectively; c is a constant; φ ∞ is usually between 60 % and 74 % related to close packing of the NaCl particles [18] . When φ v,disp is close to φ ∞ , η susp increases sharply and leads to very poor flowability of the mixture. In a PLA (5 g)/CHCl 3 (50 mL)/NaCl (45 g) mixture, φ v,disp is about 28 %, which is much lower than 60 % and exhibits very good flowability. It is noted that the content of NaCl is not the only parameter influencing viscosity content and the molecular weight of PLA also plays a role.
When the PLA/CHCl 3 /NaCl suspension was stirred and volatilized in the air, φ v,disp increased gradually and the suspension became pasty. The suspension with appropriate flowability was put into the Buchner funnel and sealed by a piston when the value of φ v,disp became 45~50 %. In this process, the sedimentation of the NaCl particles can be minimized by limiting the flowability of suspension with increasing the rate of the evaporation of solvent. During the process of volatilization, the scaffold shrunk while the solvent was volatilizing from the lower surface of the mixture under vacuum. Meanwhile, with appropriate flowability of the pasty polymer/solvent/porogen mixture, the upper surface of the mixture went down for atmospheric pressure and its own gravity. As a result, a three-dimensional porous scaffold could be fabricated quickly without residual solvent.
Materials
Medical grade PLA particles were purchased from Shenzhen Bright China Industrial Co., Ltd (Shenzhen, Guangdong, China) with a number average molecular weight of 80,000, its glass temperature and melting point are 57 °C and 160 °C by DSC (Q2000, TA instruments), respectively. Chloroform was employed as solvent. The granular sodium chloride (NaCl) was ground with a mortar and then sieved with the standard testing sieves which mesh sizes were 210, 310, 420, and 500 μm. The particles with sizes of less than 210, 210~310, 310~420 and 420~500 μm, repectively, were obtained.
Fabrication process
5 g PLA (6.3 wt%) was dissolved in 50 mL chloroform (CHCl 3 ) to obtain a PLA solution and then 45 g sieved sodium chloride (NaCl) particles were dispersed in the solution. The PLA/CHCl 3 /salt suspension was stirred for about 20 min and volatilized till it became pasty. The pasty mixture was then put into a Buchner funnel with a suction flask connected to a vacuum pump. The mixture was sealed by a piston inside the Buchner funnel (Fig. 1) . The whole setup was allowed to stand for 20 minutes. Vacuum pressure of 0.08 ± 0.01 MPa was applied to volatilize the remaining solvent in the mixture. Simultaneously, the time of volatilization process was recorded. The volatilization time is defined as the time taken for a sample to turn completely from yellowish to white color. Finally, NaCl particles were leached out by immersing the PLA/NaCl composite into deionized water. The water was changed every 4 h till no white precipitate was observed as detected by adding silver nitrate solution. The obtained porous PLA scaffold was air-dried for 24 h at 30 °C and vacuum-dried (< 1 mmHg) for another 12 h at 30 0 C. All samples were stored in a vacuum desiccator to avoid degradation.
Scaffold characterization
Porosity of the scaffold was determined by a modified liquid replacement method [19, 20] . The scaffold was put into a glass bottle which was connected with the vacuum system. A pressure of about 1 mmHg was applied for several minutes to remove most of air in the pores of the scaffold. The vacuumized bottle was disconnected with the vacuum system and then sufficient amount of ethanol was added via a syringe to submerge the scaffold. Finally, the pressure inside the bottle was released by pulling out the glass stopple for a quick air charge. The process of vacuumization and air charge was repeated for several cycles in order to permeate the porous scaffold with ethanol completely. The porosity of the scaffold, Φ, was determined from the weight difference between dry and wet sample, according to equation (2) assuming that the volume of pores is equal to the volume occupied by the absorbed ethanol, and the amount of ethanol absorbed by the PLA phase is negligible. 
where w dry and w wet are the dry weight and wet weight of as-prepared scaffold, and ρ ethanol and ρ PLA are the density of ethanol and PLA, respectively. ρ PLA is determined by m/V to be 1.270 g/mL.
Scanning electron microscopy (SEM, Jeol JSM-6490) was employed to observe the cross-sectional morphology of the porous scaffolds. Samples with thickness of 2~3 mm were cut from the scaffolds using a razor blade, mounted on a copper stub and coated with gold using a sputter-coater. SEM measurements were performed at 20 kV.
The compressive moduli of the PLA scaffolds were measured by a CMT-4204 universal mechanical testing machine [MTS industry systems (China) Co. Ltd.] by using cuboid specimens (with 10 mm height and 7.5×7.5 mm 2 cross-section), at an upper load limit of 1 kN and a crosshead speed of 1 mm/min. The compressive modulus was estimated from the stress-strain curve according to the MTS user manual, where the slope was fitted to the curve at 2 and 10 % of the compressive strain. At least five specimens were tested for each sample, and the averages and standard deviations were determined.
Evaluation of cytotoxicity
The murine fibroblast cells (L929, ATCC, Manassas, Va.) was used to test the cytotoxicity of the PLA scaffolds according to ISO 10993-5. [21] The PLA scaffolds were cut into 0.8 g cubic pieces. Extracts were prepared by immersion of samples into 4 mL of Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10 % fetal bovine serum (FBS) and were incubated at 37 °C in a 5 % CO 2 atmosphere with 95 % relative humidity for 24 h. The cells were seeded on a 96-well plate with a density of 1 10 4 cells/mL (100 L was added into each well) and incubated for 24 h. Then, the culture medium was removed and replaced by 100 L of extracts and incubated for 72 h. Afterward 10 L of 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT lyophilized, Dojindo Molecular Technologies) solution was added and further incubated for 4 h. After incubation, 100 L of dimethyl sulfoxide (DMSO) was added to dissolve the formazan. The optical density was measured in a microplate reader (SpectraMax 340, Molecular Devices, USA) at 570 nm and 630 nm. Cells with fresh medium were used as controls of cell viability. For the MTT assay, phenol was added to the positive control and 10% FBS containing DMEM was added to the negative control. The relative growth rate (RGR) was calculated as the percentage of cell viability of control cells.
